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Simvastatin Reduces Neointimal Thickening in Low-Density 
Lipoprotein Receptor-Deficient Mice After Experimental 
Angioplasty Without Changing Plasma Lipids 

Zhiping Chen, MS; Tatsuya Fukutomi, MD; Alexandre C. Zago, MD; Raila Bhiers, MD; 
Patricia A. Detmers, PhD; Samuel D. Wright, PhD; Campbell Rogers, MD; Daniel L Simon, MD 

BackgrouHd-SMms exert antiinflammatory and antiproliferative actions independent of cholesterol lowering. To 
determine whether these actions might affect neointimal formation, we investigated the effect of simvastatin on the 
response to experimental angioplasty in LDL receptor- deficient (LDLR ) mice, a model of hypercholesterolemia m 
which changes in plasma lipids are not observed in response to simvastatin. 

Methods and Results- Carotid artery dilation (2.5 atm) and complete endothelial denudation were performed in nude 
C57BL/6J LDLR"'" mice treated with low-dose (2 mg/kg) or high-dose (20 mg/kg) simvastatin or vehicle 
spontaneously 72 hours before and then daily after injury. After 7 and 28 days, intimal and medial sizes were measured 
and the intima to media area ratio (IM) was calculated. Total plasma cholesterol and triglyceride levels were similar 
in simvastatin- and vehicle-treated mice. Intimal thickening and I:M were reduced significantly by low- and high-dose 
simvastatin compared with vehicle alone. Simvastatin treatment was associated with reduced cellular proliferation 
(BrdTJ), leukocyte accumulation (CD45), and platelet-derived growth factor-induced phosphorylation of the survival 
factor Akt and increased apoptosis after injury. . Jt - „ t AUV , i, ^ 

C 0 «c/«sfo«s-Simvastatin modulates vascular repair after injury in the absence of hpid-lowenng effects. Although the 
mechanisms are not yet established, additional research may lead to new understanding of the actions of statins and 
novel therapeutic interventions for preventing restenosis. (Circulation. 2002;106:20-23.) 
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Statin drugs inhibit the enzyme 3-hydroxy-3-methyl- 
glutaryl coenzyme A (HMG-CoA) reductase, the first 
committed step of sterol synthesis, and lower plasma choles- 
terol levels. In large clinical trials, statins have been shown to 
reduce coronary events in primary or secondary prevention 
settings. 1 Effects on clinical and angiographic restenosis after 
coronary intervention, however, have not been conclusively 
demonstrated. Several clinical studies have failed to demon- 
strate a link between statin therapy and the risk of restenosis 
after balloon angioplasty, 2 whereas more recent studies sug- 
gest that statins may reduce restenosis after stenting. 3 

Statins are known to have broad effects in addition to 
lowering plasma cholesterol. The product of HMG-CoA 
reductase, mevalonate, is an important precursor for many 
isoprenoids, thereby endowing statins with the ability to 
directly alter cellular events other than cholesterol synthesis. 
For example, the isoprenoids farnesylpyrophosphate and 
geranylgeranylpyrophosphate play important roles in signal 
transduction in cellular migration, proliferation, and survival 
via their attachment to critical signaling proteins, such as Ras 
and Rho. 4 



We used a hyperlipidemic model, the LDLR"'" mouse, to 
test the antiinflammatory and antiproliferative actions of 
simvastatin on neointimal thickening after experimental an- 
gioplasty in an atherosclerotic background. An essential 
feature of the chosen model is that simvastatin does not affect 
plasma lipid levels in mice, allowing the study of effects of 
simvastatin distinct from cholesterol towering. 

Methods 

Carotid Injury 

Male LDLR"'" C57BL/6J mice (Jackson Laboratories, Bar Harbor, 
Me), maintained on a high-fet (20.1%) diet containing 1.25% 
cholesterol for 12 weeks after weaning, underwent unilateral carotid 
artery dilation (2.5 atm) and complete endothelial denudation. 5 
Animal care and procedures were reviewed and approved by Harvard 
Medical School Standing Committee on Animals and performed in 
accordance with the guidelines of the American Association for 
Accreditation of Laboratory Animal Care and the National Institutes 
of Health. 

Simvastatin Treatment 

Treatments were via subcutaneous injection 72 hours before and 
daily after injury. LDLR"'" mice were divided into 3 treatment 
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Quantitative Morphometry and ImmunohistoGhemical Analysis of Mouse Carotid Arteries 
After injury - 





Vehicle 


Low 


High 


ANOVA 


Vehicle 
vsLow 


Vehicle 
vs High 


Cholesterol, 21 d, mg/dL 
Triglyceride. 21 d, mg/dL 


216±36 


234±43 


1130±279 
223±44 


0.074 
0.751 


NS 
NS 


NS 
NS 


intimai area, mm 2 
7d 
28 d 


0.010+0.004 
0.047 ±0.023 


0.006+0.004 
0.021 ±0.01 3 


0.006±0.004 
0.019+0.015 


0.320 
0.004 


0.011 


0.012 


Medial area, mm 2 

28 d 
i:M, 28 d 


0.078 +0.015 
0.64±0.37 


0.063 ±0.01 4 
0.32+0.17 


0.074+0.031 
0.24+0.15 


0.299 
0.008 


NS 
0.036 


0.012 


EEL, mm 2 
7d 


0.104±0.013 


O.113±0.035 


0.103±0.014 


0.778 


NS 




28 d 


0.223 ±0.032 


0.191 ±0.040 


0.192+0.053 


0.184 


MS 


NS 


BrdU+ ceils, % 
Media. 7 d 
irrtima, 28 d 


19.2 ±2.8 
. 4.6+1.8 


12.0±5.8 
1.7±0.5 


11.0±4.5 
1.9±0.8 


0.0184 


0.042 


0.050 


CD45+ celts, % 
Intima, 7 d 
Intima, 28 d 


59.2 ±11. 9 
34.4+3.6 


44.2±5.2 
24.3+2.2 


39.1 ±12.8 
20.9±S.O 


0.0429 
0.0120 


0.047 
0.026 


0.049 
0.025 


TUNEL+ cells, % 
Intima, 7 d 
Media, 7 d 


3.5±1.1 
2.5+0.4 


6.9+3.3 
4.2+0.3 


9.2+4.2 
5.8±1.0 


0.0872 
0.0002 


0.193 
0.002 


0.039 
0.001 



groups: PBS vehicle (control group) or 2 mg/Icg (low-dose) or 20 
mg/kg (high-dose) allcaline-hydrolyzed simvastatin. 6 

Lipid Analysis 

Blood was collected via retro-orbital puncture into heparin-coated 
capillary tubes. Plasma cholesterol and triglyceride measurements 
were performed as reported.' 

Tissue Harvesting and Analysis 

Carotid arteries were harvested and processed for quantitative 
morphometry 7 days (control, n=5; low-dose, n=5; high-dose, n=4) 
or 28 days (control, n=9; low-dose, n=10; high-dose, n=7) after 
vascular injury. 5 Standard avidin-biotin procedures for mouse leu- 
kocytes (CD45) and macrophages (Mac-3) (PharMingen, San Diego, 
Calif), BrdU (DAKO, Carpinteria, Calif), and smooth muscle cell 
(SMC) a-actin (DAKO) were used for immunohistochemistry. 
Apoptotic cells were detected by the TUNEL method using Apo Tag 
(Intergen). Imirranostained sections were quantified as the number of 
ined-positive cells per total number of nuclei. 



Ex Vivo Akt Signaling Assay 

Aortas were harvested from all animals, opened longitudinally, and 
incubated with 30 ng/mL platelet-derived growth factor (PDGF)-BB 
(R&D Systems, Minneapolis, Minn) for 15 minutes at 37°C. Aortic 
lysates were prepared 8 and then subjected to Western analysis using 
antibodies to Akt and Phospho-Akt (Ser473) (Cell Signaling Tech- 
nology, Beverly, Mass). 

Data Analysis 

All data are presented as mean+SD. Statistical comparisons of the 
principal end points were performed using one-way ANOVA to 
determine a difference in mean values between the 3 groups, 
followed by / tests for the 3 pair-wise comparisons when the 
ANOVA false-positive rate was <5%. For ANOVA with a false- 



positive rate of >5%, the pair-wise comparisons were reported to be 
statistically nonsignificant (NS). For the primary study end point of 
intimai area 28 days after injury, a Bonferroni corrective for 3 
pair-wise comparisons was applied, in which the t test P<0.0167 
was used to signify a false-positive rate of 5%. 

Results 

Simvastatin Does Not Alter Plasma Lipids in 
LDLR~'~ Mice 

We sought evidence that simvastatin modulates vascular 
repair independent of cholesterol lowering. To determine 
whether plasma cholesterol is unresponsive to simvastatin in 
LDLR"'" mice, as it is in normal 9 and apoE-deficient 7 mice, 
we dosed LDLR"'" animals with 2 mg/kg simvastatin, 20 
mg/kg simvastatin, or vehicle control and measured plasma 
lipid levels. Simvastatin did not alter plasma cholesterol or 
triglyceride levels in LDLR"'" mice at either of the 2 doses 
tested (Table). 

Simvastatin Decreases Neointimal Thickening, 
Cellular Proliferation, and Leukocyte 
Accumulation After Carotid Injury 

Carotid artery dilation and complete endothelial denudation 
were performed in LDLR"'" mice treated with 2 or 20 mg/kg 
simvastatin or vehicle subcutaneously 72 hours before and 
then daily after injury until euthanasia. In mice receiving 
vehicle, intimai thickening began by 7 days after injury and 
progressed significantly between 7 days (0.010+0.004 mm 2 ) 
and 28 days (0.047±0.023 mm 2 ). Low- and high-dose sim- 
vastatin reduced intimai thickening at 28 days by 55% 




(/>=0.012) and 60% (P=0.011), respectively (Figure, panels 
A through F, Table). Medial area was unaffected by simva- 
statin treatment. I:M at 28 days in control mice was 
0.64±0.37 and was reduced 50% by iow-dose (J D =0.036) and 
62% by bigh-dose (P-0.012) simvastatin. Intimal and medial 
thickening were accompanied by progressive vessel enlarge- 
ment (ie, positive remodeling), as determined by external 
elastic lamina area measurements over time, which was 
comparable in vehicle- and simvastatin-treated mice. 

We assessed cellular proliferation by quantifying incorpo- 
ration of BrdU. Substantial proliferation was observed 7 days 
after injury in control vessels (19.2% of medial cells), and 
proliferation was still evident at 28 days (4.6% of intimal 
cells). Low- and high-dose simvastatin reduced medial pro- 
liferation at 7 days by 38% and 43%, respectively, and 
intimal proliferation at 28 days by 63% (P=0.042) and 59% 
{7>=0.050) (Table). 

Immunohistochemistry was performed to identify the cel- 
lular components of the neointima 28 days after injury. In 
vehicle-treated animals, 48% of cells were SMCs (a-actin- 
positive) and 34% were monocytes or macrophages (CD45- 
and Mac3-positive). Altered leukocyte accumulation within 
vessels was observed in simvastatin-treated mice. Inflamma- 
tory cells (CD45-positive) invading the intima were reduced 



Photomicrographs of mouse carotid arteries 
after injury (A through H). VerHoeff elastin stain 
28 days after injury: vehicle (A); low-dose simva- 
statin (B); high-dose simvastatin (original magni- 
fication X38) (C); vehicle (D); low-dose simvasta- 
tin (E); and high-dose simvastatin (X150) (F). 
Neointima separates the internal elastic lamina 
(arrows) from the lumen. Apoptotic (TUNEL- 
positive) ceils 7 days after injury: vehicle (G); 
high-dose simvastatin (X150) (H). Simvastatin 
and Akt signaling (I). Aortae were harvested from 
mice treated with simvastatin or vehicle and 
incubated with PDGF-BB. Aortic lysates were 
immunoblotted sequentially using antibodies to 
Akt and Phospho-Akt (Ser473). 



by 25% to 34% r7><0.05) at 7 days and 29% to 39% 
(P<0.03) at 28 days in simvastatin-treated compared with 
control mice. 

Simvastatin Increases Apoptosis 

Because statins prevent isoprenylation of Rho proteins and 
their translocation to the membrane fraction, and because 
there is increasing evidence that Rho activates signals that 
regulate apoptosis, 10 we investigated the effects of simvasta- 
tin on apoptosis after injury. Low- and high-dose simvastatin 
significantly increased the number of apoptotic (TUNEL- 
positive) cells in the intima (by 197% and 263%, respec- 
tively) and media (168% and 232%, respectively) at 7 days 
compared with control (Table, Figure, panels G and H). 

To identify a biochemical correlate of simvastatin action 
promoting apoptosis, we examined signaling of the survival 
factor, Akt, in arteries from mice treated with simvastatin. 
Injured carotid arteries are completely devoid of endothelium 
and lined with a platelet monolayer. 5 Therefore, we examined 
PDGF-induced phosphorylation and activation of Akt by 
Western blot analysis of aortic samples from mice treated 
with low- and high-dose simvastatin or vehicle for 7 days. 
PDGF-induced phosphorylation of Akt was impaired in the 
aortae of simvastatin-treated mice (Figure, panel I). 
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Discussion 

Our study provides definitive in vivo evidence that simvasta- 
tin inhibits neointimal thickening in a cholesterol- 
independent manner accompanied by reduced vascutar in- 
flammation and proliferation and increased apoptosis. These 
results establish a role for statins in inhibiting neointimal 
formation after experimental angioplasty in a setting in which 
simvastatin did not alter plasma lipids. 

Restenosis is a complex cascade of wound-healing re- 
sponses to vascular injury, characterized by thrombosis, 
inflammation, cellular proliferation/migration, and extracel- 
lular matrix deposition. Increasing evidence suggests that 
antiinflanimatory? and antiproliferative" effects of statins 
play important roles in attenuating atherosclerosis, 1 - 7 trans- 
plant vasculopathy, 12 and restenosis. 3 Statins inhibit the 
synthesis of isoprenoid intermediates that are important lipid 
attachments for signaling proteins, including Ras and the Rho 
family of small GTP-binding proteins (eg, Rho, Rac, and 
Cdc42)« Rho is implicated in various biological functions 
relevant to vascular injury, including cellular migration, 
proliferation, and survival. 1 ^ 15 Statins attenuate vascular 
SMC proliferation in vitro by decreasing Rho geranylgerany- 
lation and membrane localization and inhibiting Cdk 
activity. 11 . 

We provide biochemical evidence that PDGF-mduced 
phosphorylation of Akt is inhibited in aortic tissue from 
simvastatin-treated mice, Akt functions as an antiapoptotic 
protein, protecting against cell death induced by growth 
factor withdrawal or ischemia-reperfusion injury. 14 The ef- 
fects of statins on Akt signaling seem to be tissue-specific. 
Statins rapidly activate Akt signaling in endothelial cells, 
enhance phosphorylation of endothelial NO synthase, and 
inhibit apoptosis." In contrast, statins impair Akt activation 
in SMCs,'« leading to diminished SMC proliferation and 
induction' of apoptosis via effects on phosphatidyIinositol-3 
kinase or Rho. 11 These divergent actions of statins on Akt 
activation in endothelial cells and SMCs may act in syn- 
chrony to diminish neointimal thickening after denuding 
injury. 

Prior clinical trials of statins after balloon angioplasty have 
failed to show a reduction in restenosis, 2 likely because of the 
predominant role of vascutar remodeling rather than neointi- 
mal thickening in this setting.' 7 However, recent studies of 
statin use after stenting, with minimal remodeling and pro- 
found neointimal thickening, 17 have suggested benefit. 3 

Our results support the hypothesis that simvastatin has 
antiinflammatory, antiproliferative, and proapoptotic actions 
relevant to preventing restenosis. Although mechanisms are 
not yet established, additional research may lead to new 



understanding of the actions of statins, additional impetus for 
broad statin use after vascular intervention independent of 
lipid profile, and novel therapies for preventing restenosis. 
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